Cell-cell fusion is critical for the conception, development and physiology of multicellular organisms. Although cellular fusogenic proteins and the actin cytoskeleton are implicated in cellcell fusion, whether and how they coordinate to promote plasma membrane fusion remain unclear. Here, we reconstituted a high-efficiency, inducible cell-fusion culture system in the normally nonfusing Drosophila S2R+ cells. Both fusogenic proteins and actin cytoskeletal rearrangements were necessary for cell fusion, and, in combination, were sufficient to impart fusion competence. Localized actin polymerization triggered by specific cell-cell or cell-matrix adhesion molecules propelled invasive cell membrane protrusions, which, in turn, promoted fusogenic protein engagement and plasma membrane fusion. This de novo cell-fusion culture system reveals a general role for actin-propelled invasive membrane protrusions in driving fusogenic protein engagement during cell-cell fusion.
fusion ( fig. S2 , A to B‴), and Eff-1 was required in both fusion partners ( fig. S2C ), similar to that reported in the moth Sf9 cells (16) .
Because close membrane apposition is a prerequisite for membrane fusion, we asked whether Eff-1-induced fusion could be enhanced by co-expressing cell adhesion molecules. Dumbfounded (Duf) and Sticks and stones (Sns) are Ig domain-containing transmembrane proteins required for Drosophila myoblast fusion (9, 10), but are not normally expressed in S2R+ cells ( fig. S1D ). Exogenous Duf, but not Sns, promotes homophilic cell adhesion in cultured Drosophila cells (17) (18) (19) , and so does Echinoid (Ed), an Ig-containing transmembrane protein not implicated in myoblast fusion (20, 21) . Among the three proteins, only Sns enhanced Eff-1-mediated fusion (Fig. 1, B , C, D and F), suggesting that membrane apposition mediated by cell adhesion per se is not sufficient to promote Eff-1-mediated fusion. Nearly 90% (86.3 ± 2.9%) of the Sns-Eff-1 co-expressing cells were in multinucleate syncytia (Fig. 1C) , representing a seven-fold increase over Eff-1-induced fusion (Fig. 1F) . These large syncytia contained up to 220 nuclei/cell with a median number of 44 nuclei/cell (Fig. 1G ). Live imaging confirmed that Sns-Eff-1-induced syncytial formation resulted from cell fusion (fig. S3, A and B; movies S1 and S2). Besides Sns, overexpressing an α subunit (αPS2) of the cell-matrix adhesion molecule integrin (22) , which has been implicated in multiple types of cell fusion events (23) (24) (25) (26) , enhanced Eff-1-mediated fusion by five-fold (63.9 ± 4.3%) with a median number of 20 nuclei/cell ( Fig. 1 , E, F and G). The dramatic enhancement of Eff-1-mediated cell fusion by Sns and integrin, neither of which mediates homophilic cell adhesion nor interacts with Eff-1 more strongly than Duf ( fig. S4 ), prompted us to examine the cellular mechanisms underlying their fusionenhancing activity.
In Drosophila, Sns and Duf trigger distinct actin cytoskeletal changes during myoblast fusion -Sns organizes an F-actin-enriched invasive podosome-like structure (PLS) in the fusion competent myoblast (27, 28) , while Duf promotes the formation of a thin sheath of actin underlying the apposing founder cell membrane (27) . Their differential activity in remodeling the actin cytoskeleton was recapitulated in S2R+ cells, as F-actin-enriched foci were observed at cell-cell contact sites marked by the accumulation of Eff-1 and the cell adhesion molecule in Sns-Eff-1-expressing ( Fig. 1H; fig. S5A ), but not Duf-Eff-1-expressing cells ( Fig. 1I; fig. S5B ). Live imaging revealed that these F-actin foci corresponded to sites of fusion ( Fig. 2A; fig. S6 , A and B; movies S3, S4 and S5). Using a cell-mixing fusion assay, we showed that Sns was only required in one of the two fusion partners to promote efficient cell fusion ( fig. S7 ).
Because the actin nucleation-promoting factors (NPFs) of the Arp2/3 complex, WASP (11) (12) (13) and Scar/WAVE (14) , are required for Sns-induced PLS formation in Drosophila myoblast fusion (27) , we investigated whether WASP and Scar are required for Sns-Eff-1-induced cell fusion. RNAi knockdown of WASP, its binding partner WASP-interacting protein (WIP) (11, 12) , or Scar abolished Sns-induced F-actin foci ( fig. S8 ) and eliminated Sns-enhanced cell fusion (Fig. 2B) . FRAP analysis revealed more dynamic exchanges of WASP and Scar at sites of fusion compared with Sns (Fig. 2, C and D; fig. S9 ; movies S6 and S7), suggesting that Sns provides a relatively stable organizing center at these sites to recruit WASP and Scar. Thus, dynamic actin cytoskeletal rearrangement is required for SnsEff-1-induced cell fusion. RNAi knockdown of the P40 subunit of the Arp2/3 complex in moth Sf9 cells also decreased Eff-1-induced fusion (7.2 ± 1.2% compared with 16.7 ± 6.1%; fig. S10 ), demonstrating that Arp2/3-mediated actin polymerization is generally required for fusion in different cell types.
To examine whether Arp2/3-mediated actin polymerization is sufficient to enhance Eff-1-mediated fusion, we fused WIP, WASP or Scar to the C-terminus of Duf or Sns and co-expressed each chimeric protein with Eff-1 in S2R+ cells. Attaching WIP to Sns did not affect Sns' ability to organize actin polymerization at cell-cell contact sites (fig. S11A) or enhance fusion (Fig. 2E) . Attaching WIP to Duf induced the formation of F-actin-enriched hair-like protrusions at cell-cell contact sites (fig. S11B) and converted Duf into a fusionpromoting molecule (Fig. 2F ), suggesting that WIP-mediated actin cytoskeletal rearrangement is sufficient to enhance Eff-1-mediated cell fusion. Unexpectedly, attaching WASP or Scar directly to Duf did not enhance Eff-1-mediated fusion (Fig. 2F) , and attaching these NPFs to Sns abolished Sns' fusion-enhancing activity ( Because Arp2/3 nucleates a branched actin network that drives membrane protrusions, we predicted that the F-actin foci at cell-cell contact sites may be invasive. To test this, we conducted super-resolution TIRF-based stochastic optical reconstruction microscopy (STORM) (29) and ultrastructural electron microscopy (EM). Both analyses revealed a tightly packed group of finger-like protrusions extending from one cell into its fusion partner in Sns-Eff-1-, but not Duf-Eff-1-, expressing cells ( (27, 30, 31) . These fingers contained distinct clusters of Sns and Eff-1 (Fig.  2G, d to d″) and frequently overlapping Sns and actin signals (Fig. 2H, d to d″) . Strikingly, segments of electron-dense "ladders" were present between the apposing membranes along the invasive fingers ( Fig. 4A′ and A″) . These electron-dense "ladders" grossly resembled the electron-dense spikes formed by the virus-packaged Eff-1 on the viral envelope (32) (albeit thinner than the latter), and spatially corresponded to clusters of Eff-1 on the invasive fingers observed by STORM (Fig. 2G, d′) . Indeed, immunogold labeling confirmed the presence of Eff-1 on the membranes along the invasive fingers ( fig. S13 , B and B′). Thus, in Sns-Eff-1-induced cell fusion, Arp2/3-mediated actin polymerization generates finger-like membrane protrusions that promote Eff-1 engagement across the apposing cell membranes.
To determine whether actin-propelled membrane protrusions are generally involved in cellcell fusion, we investigated how integrin modulated Eff-1-mediated fusion. Loss-and gainof-αPS2 function abolished or enhanced Eff-1-mediated cell fusion commensurate with the strength of cell-matrix adhesion (Fig. 1, E and F; Fig. 3 , A to C). Unlike Sns-Eff-1-induced fusion, αPS2-Eff-1-induced fusion required Scar, but not the WASP-WIP complex ( Fig. 3A;  fig. S14A ), which is normally recruited to sites of myoblast fusion by Sns in Drosophila (11, 12) . As a consequence, αPS2-Eff-1-expressing cells formed numerous F-actincontaining hair-like projections, instead of dense F-actin foci, along the broad cell-cell contact zone ( Fig. 3D; movie S10) . Notably, cells expressing Eff-1 alone also occasionally formed multiple hair-like projections along cell-cell contact zones (Fig. 3E) , and RNAi of Scar, but not WASP or WIP, abolished the basal level of Eff-1-mediated cell fusion ( Fig.  3B; fig. S14B ). STORM and EM analyses revealed individual finger-like protrusions sparsely localized at the cell periphery and along the cell-cell contact zone of αPS2-Eff-1-expressing cells (Fig. 3F and G, b and c; Fig. 4B ), corresponding to the hair-like projections visualized by confocal microscopy (Fig. 3D) . These finger-like protrusions contained Eff-1 clusters (Fig. 3F, d and d″) and were anchored at their basal side by exogenous αPS2 (Fig.  3, F and G, d to d″) . Like in Sns-Eff-1-expressing cells (Fig. 4A″) , the invasive fingers in αPS2-Eff-1-expressing cells contained segments of electron-dense "ladders" (Fig. 4B″) , corresponding to the Eff-1 clusters observed by STORM (Fig. 3F, d′ and d″) . Thus, despite the differences in the requirement of actin regulators (Scar vs. WASP-Scar) and the overall morphology of F-actin enrichment (hairs vs. foci), αPS2-Eff-1-and Sns-Eff-1-expressing cells use similar invasive finger-like membrane protrusions to promote fusogenic protein engagement during cell fusion.
In summary, reconstitution of high efficiency cell-cell fusion in a non-fusing cell line reveals two fundamental principles underlying cell-cell fusion. First, a transmembrane fusogenic protein is indispensable for cell-cell fusion, because fusion does not occur without a fusogenic protein irrespective of actin cytoskeletal remodeling. Second, the actin cytoskeleton provides an active driving force for cell-cell fusion by generating membrane protrusions that are necessary and sufficient to promote fusion mediated by fusogenic proteins. Membrane protrusions induced by different adhesion molecules share common characteristics of invasiveness and engagement of fusogenic proteins and represent a general mechanism underlying cell-cell fusion.
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Summary
Interplay between cellular fusogenic proteins and actin-propelled invasive membrane protrusions revealed by an inducible cell-fusion system. The invasive fingers (black arrows) were scattered along the broad cell-cell contact zone, and were associated with segments of electron-dense materials, which were absent elsewhere on the cell membranes (magenta arrows). (B″) At a higher magnification, the electron-dense materials also showed a ladderlike appearance (red arrowheads) between the two apposing membranes, as in Sns-Eff-1-expressing cells (A″). Scale bar: 500 nm (A, A′, B, and B′); 100 nm (A″ and B″).
